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(54) Mufti-electrode catheter, system and method 

(57) A system for detecting electrode-tissue contact 
comprises a multi-electrode catheter having a location 
sensor and a plurality of contact electrodes. The cathe- 
ter preferably further comprises a reference electrode 
that is preferably protected from making contact with tis- 
sue. The system further comprises a signal generator 



to transmit test signals to each of the contact electrodes 
and to the reference electrode. Tissue contact Is detect- 
ed by comparing the signals across the tip electrode to 
a return electrode versus the signal across the reference 
electrode to a return electrode. Ablation energy may be 
delivered to the contact electrodes if contact of the elec- 
trode with tissue is detected. 
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fectively performed when the distal tip electrode is in 
contact with the cardiac wall. Absence of contact or poor 
contact of the tip electrode with the heart wall leads to 
dissipation of the RF energy in the blood, as well as pos- 
sible fouling of the tip electrode with the concomitant 
possibility of blood clot formation. Accordingly, it is im- 
portant that both mapping and ablation be accompanied 
by methods and systems for detecting and ensuring 
electrode-tissue contact. 

[0009] A number of references have reported meth- 
ods to determine electrode-tissue contact, including U. 
S. Patents 5,935,079; 5,891 ,095; 5,836,990; 5,836,874; 
5,673,704; 5,662,108; 5,469,857; 5,447,529; 
5,341,807; 5,078,714; and Canadian Patent Application 
2,285,342. A number of these references, e.g., U.S. pat- 
ents 5,935,079, 5,836,990, and 5,447,529 determine 
electrode-tissue contact by measuring the impedance 
between the tip electrode and a return electrode. As dis- 
closed in the '529 patent, it is generally known that im- 
pedance through blood is generally lower that imped- 
ance through tissue. Accordingly, tissue contact has 
been detected by comparing the impedance values 
across a set of electrodes to premeasured impedance 
values when an electrode is known to be in contact with 
tissue and when it is known to be in contact only with 
blood. A problem in using this method during Intracardi- 
ac procedures is the fact that tissue and blood imped- 
ances may change during a procedure. Furthermore, 
the impedance through tissue also depends on the state 
of the tissue. For instance, impedance through infarcted 
tissue is known to be less than the impedance through 
healthy tissue. 

[0010] U.S. patent 5,341 ,807 discloses a method of 
detecting contact of a catheter tip electrode with tissue. 
The method of the '807 patent employs a catheter hav- 
ing a tip electrode and a plurality of axially spaced ring 
electrodes mounted along the catheter surface. A test 
signal is applied across a pair of outer electrodes ar- 
ranged along the catheter. Each outer electrode is 
paired with an Inner electrode to develop a sensing sig- 
nal characteristic of Impedance for the tissue between 
the electrodes. One major drawback to the catheter and 
associated method disclosed in the '807 patent is that it 
relies on tissue impedance measurement as the sole 
manner for determining the position and orientation of 
the catheter. Furthermore, if the catheter electrodes 
used in the impedance measurements are also used 
with an ECG device to collect body surface and Intrac- 
ardiac ECG signals, the impedance measuring compo- 
nents of the '807 patent would require a separate ground 
relative to the ECG device, which complicates the cir- 
cuitry. 

SUMMARY OF THE INVENTION 

[0011] The present invention is directed to a novel 
catheter, system and method for detecting electrode-tis- 
sue contact. The catheter of the Invention comprises a 



body having a proximal end and a distal end, the distal 
end having a distal tip. The catheter further comprises 
a plurality of contact electrodes adapted for contact with 
tissue, for receiving electrical signals from tissue and for 

5 transmitting electrical signals thereto. The catheter of 
the invention further comprises a location sensor which 
generates signals responsive to its location, and a ref- 
erence electrode for measuring an electrical character- 
istic when said reference electrode Is in contact with a 

10 fluid and Is not in contact with tissue. 

[0012] In one embodiment, the catheter of the cathe- 
ter of the invention, the plurality of contact electrodes is 
positioned at the catheter distal tip. In another embodi- 
ment, the plurality of contact electrodes is positioned 

f* longitudinally along the catheter body. In yet another 
embodiment, the plurality of contact electrodes is posi- 
tioned circumferential ly around the catheter body. 
[001 3] The location sensor used in the catheter of the 
invention is preferably an electromagnetic location sen- 

20 sor. 

[0014] The reference electrode used in the catheter 
of the invention is preferably protected from making con- 
tact with tissue. In one embodiment, the reference elec- 
trode is protected by a membrane covering the refer- 

25 ence electrode. The membrane permits contact of the 
reference electrode with blood but does not permit con- 
tact of the reference electrode with tissue. Alternatively, 
the reference electrode may be protected from tissue 
contact by recessing the reference electrode relative to 

30 the catheter body, 

[001 5] The catheter of the invention optionally further 
comprises a return electrode, which functions as a sink 
for test signals to the contact electrodes and to the ref- 
erence electrode. 

35 [001 6] The system of the invention comprises a cath- 
eter comprising a body having a proximal end and a dis- 
tal end, the distal end having a distal tip. The catheter 
further comprises a plurality of contact electrodes. The 
plurality of contact electrodes may be positioned at the 

40 catheter distal tip, longitudinally along the catheter body 
or circumferential ly positioned around the catheter 
body. The catheter used In the system of the invention 
further comprises a location sensor which generates 
signals responsive to its location. The system of the in- 

^5 vention further comprises a reference electrode for 
measuring an electrical characteristic when the refer- 
ence electrode is in contact with a fluid and is not in con- 
tact with tissue. The system further comprises a contact 
detection circuit. The contact detection circuit comprises 

50 a signal generator for sending test signals to the contact 
electrodes and to the reference electrode. The contact 
detection circuit further comprises a circuit to measure 
a differentia! electrical response to the test signals, the 
differential electrical response being indicative of con- 

55 tact of the contact electrodes with tissue. 

[0017] In the system of the invention, the reference 
electrode is preferably positioned on the catheter com- 
prising the contact electrode and the location sensor. 
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The reference electrode is further preferably protected 
from making contact with tissue. In one embodiment, the 
reference electrode is protected from tissue contact by 
a membrane covering the electrode. The membrane 
permits contact of the reference electrode with blood but 5 
does not permit contact of the reference electrode with 
tissue. In another embodiment, the reference electrode 
is protected from making tissue contact by recessing the 
electrode relative to the catheter body. 
[001 8] The system of the invention preferably further 
comprises a return electrode, which functions as a sink 
for the test signals to the contact electrode and to the 
reference electrode. In some embodiments, the return 
electrode is adapted for positioning internal to the body. 
For example, the return electrode may be positioned on 
the catheter comprising the contact electrode and the 
location sensor In other embodiments, the return elec- 
trode is adapted for contact with skin external to the 
body. The return electrode may be dedicated for meas- 
uring differential signals with the contact electrode and 
the reference electrode. The return electrode is prefer- 
ably connected to isolated ground, preferably, to an 
electrocardiogram device isolated ground. 
[0019] The location sensor contained in the catheter 
used in the system of the invention may be of any type 
known in the art, for example, acoustic, magnetic or 
electromagnetic location sensors. Preferably, the loca- 
tion sensor is an electromagnetic location sensor. 
[0020] The system of the invention further comprises 
a contact detection circuit. The contact detection circuit 
comprises a signal generator for sending test signals to 
the contact electrodes and to the reference electrode. 
The contact detection circuit further comprises a circuit 
to measure a differential electrical response to the test 
signals, the differential electrical response being indic- 
ative of contact of the contact electrodes with tissue. In 
one embodiment, the circuit to measure a differential 
electrical response to the test signals comprises a first 
differential amplifier and a second differential amplifier 
The first differential amplifier is used to measure a first 
electrical difference signal between the contact elec- 
trodes and the return electrode. The second differential 
amplifier is used to measure a second electrical differ- 
ence signal between the reference electrode and the re- 
turn electrode. This embodiment preferably further com- 
prises a third differential amplifier to measure an elec- 
trical difference signal between the first electrical differ- 
ence signal and the second electrical difference signal. 
[0021 ] The first differential amplifier preferably meas- 
ures the voltage difference between the distal tip elec- 
trode and the return electrode. The second differential 
amplifier preferably measures the voltage difference be- 
tween the reference electrode and the return electrode. 
The third differential amplifier preferably measures the 
voltage difference between the first amplifier and the 
second amplifier. The electrical difference signal meas- 
ured by the third differential amplifier is preferably rec- 
tified by a synchronous detector. 



[0022] The gains of the first amplifier and the second 
amplifier are preferably adjusted such that the ratio of 
the gain of the first amplifier to the gain of the second 
amplifier is proportional to the ratio of the tip electrode 
area to the reference electrode area. When so adjusted, 
the output of the third amplifier will be a null signal when 
both the tip electrode and the reference electrode are in 
blood and neither electrode is in contact with tissue. 
[0023] In this embodiment of the system of the inven- 
tion, the contact electrodes are preferably supplied with 
a first constant current and the reference electrode is 
supplied with a second constant current, the first current 
being equal to the second current. The return electrode 
is preferably driven with a third constant current oppo- 
site in phase with the first constant current and the sec- 
ond current. 

[0024] In another embodiment, the circuit to measure 
a differential electrical response to the test signals com- 
prises a bridge circuit comprising a first resistive ele- 
ment and a second resistive element. The first resistive 
element and the second resistive element each have a 
first side and a second side. The first side of the first 
resistive element is electrically connected with the first 
side of the second resistive element. The second side 
of the first resistive element is electrically connected 
with the reference electrode and the second side of the 
second resistive element is electrically connected with 
the contact electrodes. The bridge circuit has a first input 
between the first resistive element and the second re- 
sistive element and a second input electrically connect- 
ed to the return electrode. The bridge has a first output 
between the first resistive element and the reference 
electrode and a second output between the second re- 
sistive element and the contact electrodes. The bridge 
outputs are preferably connected to a differential ampli- 
fier which measures a bridge output voltage indicative 
of contact of the distal tip contact electrode with tissue. 
The output of the differential amplifier Is preferably rec- 
tified by a synchronous detector. 
[0025] in one variation of this embodiment, the first 
resistive element is a first resistor and the second resis- 
tive element is a second resistor. The ratio of the resist- 
ance of the first resistor to the resistance of the second 
resistor is preferably proportional to the ratio of the area 
of each contact electrode to the reference electrode ar- 
ea. 

[0026] In another variation on this embodiment, the 
first resistive element is a first high output impedance 
buffer and the second resistive element is a second high 
output Impedance buffer. The ratio of the output currents 
of the first high output impedance buffer to the second 
high output impedance buffer is preferably proportional 
to the ratio of area of each of the contact electrodes to 
the reference electrode area. 
[0027] Another embodiment of the circuit to measure 
a differential electrical response to the test signals com- 
prises a first current sensor for measuring the current to 
the reference electrode and a second current sensor for 
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measuring the current to the contact electrodes. The 
current sensors are preferably selected from current 
transformers and Hall effect sensors. The ratio of the 
gain of the first current sensor to the gain of the second 
current sensor is preferably proportional to the ratio of 
the area of each of the tip electrodes to the reference 
electrode area. The current sensors preferably have 
outputs connected to a differential amplifier that meas- 
ures a voltage indicative of contact of the distal tip elec- 
trode with tissue. The differential amplifier preferably 
has an output rectified by a synchronous detector. 
[0028] The system of the invention preferably further 
comprises circuitry to measure local electrograms from 
the contact electrodes andfar from surface electrodes 
placed on the surface of the body of the patient. 
[0029] The system of the invention preferably com- 
prises a plurality of channels, the number of channels 
being equal to or exceeding the number of contact elec- 
trodes. The system of the invention further preferably 
comprises a multiplexer to switch each of the contact 
electrodes into communication with the contact detec- 
tion circuit. 

[0030] The system of the invention further preferably 
comprises an ablation power source, preferably with a 
multiplexer to switch each of the contact electrodes de- 
termined by the contact detection circuit to be in contact 
with tissue into communication with the ablation power 
source: 

[0031] Another aspect of the invention is directed to 
a method for detecting electrode-tissue contact. The 
method of the invention comprises providing a catheter 
comprising a body having a proximal end and a distal 
end, the distal end having a distal tip. The catheter fur- 
ther comprises a plurality of contact electrodes adapted 
for contact with tissue, for receiving electrical signals 
from tissue and for transmitting electrical signals there- 
to. The plurality of contact electrodes may be preferably 
positioned at the catheter distal tip, longitudinally along 
the catheter body, or circumferentially around the cath- 
eter body. The catheter used in the method of the Inven- 
tion further comprises a location sensor which gener- 
ates signals responsive to Its location. The method of 
the invention further comprises providing a reference 
electrode, which is preferably positioned on the catheter 
comprising the contact electrode and the location sen- 
sor. The method of the invention further comprises the 
steps of providing test signals to the contact electrodes 
and to the reference electrode, and measuring a differ- 
ential electrical response to the test signals, the differ- 
ential electrical response being indicative of contact of 
the contact electrodes with tissue. 
[0032] The location sensor contained in the catheter 
used In the method of the Invention is preferably an elec- 
tromagnetic sensor 

[0033] In practicing the method of the invention, the 
reference electrode is preferably protected from making 
contact with tissue. In one embodiment, the reference 
electrode Is protected from making tissue contact by a 



membrane covering the reference electrode; the mem- 
brane permitting contact of the reference electrode with 
blood but not permitting contact of the reference elec- 
trode with tissue. Alternatively, the reference electrode 

s may be protected from making tissue contact by being 
recessed relative to the catheter body. 
[0034] In one embodiment, the measurement of the 
differential electrical response to the test signals com- 
prises the steps of measuring a first electrical difference 

10 signal between the contact electrodes and a return elec- 
trode; measuring a second electrical difference signal 
between the reference electrode and the return elec- 
trode; and comparing the first electrical difference signal 
with the second electrical difference signal to detect 

is contact of the distal tip contact electrode with tissue. 
[0035] In this embodiment of the method of the inven- 
tion, the signals provided to the contact electrodes and 
to the reference electrode are preferably constant cur- 
rent signals. 

20 [0036] The comparison of the first and second elec- 
trical difference signals preferably comprises feeding 
the first and second electrical difference signals to a dif- 
ferential amplifier to produce a third electrical difference 
signal indicative of electrode-tissue contact. The first 

25 and second electrical difference signals are preferably 
adjusted to provide a null difference signal from the dif- 
ferential amplifier when the contact electrodes and the 
reference electrode are both in blood and not in contact 
with tissue. 

30 [0037] In another embodiment, the measurement of 
the differential electrical response to the test signals 
comprises the steps of providing a bridge circuit com- 
prising a first resistive element and a second resistive 
element. The first resistive element and the second re- 

35 sistive element each have a first side and a second side. 
The first side of the first resistive element is electrically 
connected to the first side of the second resistive ele- 
ment. The second side of the first resistive element is 
electrically connected with the reference electrode and 

^0 the second side of the second resistive element is elec- 
trically connected with the contact electrodes. The 
bridge circuit has a first input between the first resistive 
element and the second resistive element and a second 
input electrically connected to a return electrode. The 

45 bridge circuit further has a first output between the first 
resistive element and the reference electrode and a sec- 
ond output between the second resistive element and 
the contact electrodes. The method of the invention fur- 
ther comprises measuring a signal across the bridge 

50 outputs to detect contact of the contact electrodes with 
tissue. The signal across the bridge outputs is preferably 
measured with a differential amplifier, and Is preferably 
adjusted to provide a null signal when the contact elec- 
trodes and the reference electrode are in blood and not 

55 in contact with tissue. 

[0038] In one variant of this embodiment of the meth- 
od of the invention, the first resistive element comprises 
a first resistor and the second resistive element com- 
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prises a second resistor. In another variant, the first re- 
sistive element comprises a first high output impedance 
buffer and the second resistive element comprises a 
second high output impedance buffer. 
[0039] In another embodiment, the measurement of 
the differential electrical response to the test signals 
comprises the steps of measuring current to the refer- 
ence electrode with a first current sensor and measuring 
current to the contact electrodes with a second current 
sensor. The outputs of the first current sensor and the 
second current sensor are connected to a differential 
amplifier to measure a differential voltage indicative of 
contact of the distal tip contact electrode with tissue. The 
current sensors are preferably of the current transformer 
or Hall effect type. The current sensors preferably have 
outputs connected to a differential amplifier that meas- 
ures a voltage indicative of contact of the distal tip elec- 
trode with tissue. The signals from the current sensors 
are preferably adjusted to provide a null signal from the 
differential amplifier when the contact electrodes and 
the reference electrode are in blood and not in contact 
with tissue. 

[0040] In another embodiment, the measurement of 
the differential electrical response to the test signals 
comprises the steps of measuring a first impedance be- 
tween the contact electrodes and a return electrode and 
measuring a second impedance between the reference 
electrode and a return electrode. The first and second 
impedances are compared to detect contact of the con- 
tact electrodes with tissue. 

[0041] The method of the invention optionally further 
comprises collecting electrical information from the con- 
tact electrodes and location information from the loca- 
tion sensor at a plurality of points on the tissue. An elec- 
trical map of the tissue is then generated from the elec- 
trical and location information. The electrical and loca- 
tion information at each point In the map Is weighted in 
accordance with contact being detected between the 
contact electrode and the tissue at each point. 
[0042] The method of the invention optionally further 
comprises collecting electrical information from the con- 
tact electrodes and mechanical information from the lo- 
cation sensor, respectively at a plurality of points on the 
tissue. An electromechanical map of the tissue is then 
generated from the electrical and mechanical informa- 
tion. The electrical and mechanical information at each 
point in the map is weighted in accordance with contact 
being detected between the contact electrodes and the 
tissue at each point. 

[0043] The method of the invention optionally further 
comprises delivering ablation energy to the contact 
electrodes in accordance with the electrodes being in 
contact with tissue. 

[0044] It is an object of the invention to provide a multi- 
electrode catheter and a system and method using said 
catheter for detecting electrode-tissue contact. 
[0045] It is an object of the invention to provide a dif- 
ferential system and method for detecting electrode-tis- 



sue contact with a plurality of contact electrodes in com- 
parison with a reference electrode. 
[0046] It is another object of the invention to provide 
a differential system and method for detecting elec- 
5 trade-tissue contact with a plurality of contact electrodes 
in comparison with a reference electrode not in contact 
with tissue. 

[0047] It is another object of the invention to provide 
a system and method for detecting electrode-tissue con- 
ic tact in a system comprising a highly accurate location 
sensor. 

[0048] It is another object of the Invention to provide 
a system and method for detecting electrode-tissue con- 
tact of a plurality of electrodes for use in cardiac map- 
's ping procedures. 

[0049] ft is another object of the invention to provide 
a system and method for detecting electrode-tissue con- 
tact of a plurality of electrodes for use in cardiac ablation 
procedures. 

20 [0050] These and other objects, features and advan- 
tages of the present invention will be more readily ap- 
parent from the detailed description set forth below, tak- 
en in conjunction with the accompanying drawings. 
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25 BRIEF DESCRIPTION OF THE DRAWINGS 
[0051] 

Fig. 1 is a schematic illustration showing elements 
30 of a cardiac diagnostic and therapeutic system in- 
corporating the system and method of the invention. 
Fig. 2 is a schematic illustration showing additional 
components used in the system of Fig. 1 in use on 
a patient. 

35 Fig. 3 is a schematic diagram showing one embod- 
iment of a circuit used for detecting electrode-tissue 
contact. 

Fig. 4 is a schematic diagram showing a bridge cir- 
cuit used for detecting electrode-tissue contact. 

40 Fig. 5 Is a schematic diagram showing one embod- 
iment of the bridge circuit of Fig. 4. 
Fig. 6 Is a schematic diagram showing another em- 
bodiment of the bridge circuit of Fig. 4. 
Fig. 7 is a schematic diagram showing another cir- 

45 cuit for detecting electrode-tissue contact. 

Fig. 8A is a cross-sectional view of a distal end of 
a catheter In which the reference electrode is pro- 
tected from making contact with tissue by being 
covered with a membrane. 

so Fig. 8B is a cross-sectional view of a distal end of 
a catheter in which the reference electrode Is pro- 
tected from making contact with tissue by being re- 
cessed in the catheter body. 
Fig. 9 A is a top plan view of the distal end of a cath- 

55 eter with a split-tip design for use In the system and 
method of the invention. 

Fig. 9B Is an end view of the distal tip of the catheter 
of Fig. 9A. 
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Fig. 9C is an end view of the proximal end of the 
electrode assembly of the catheter of Fig. 9A. 
Fig. 9D is a view in longitudinal cross-section of the 
distal end of the catheter of Fig. 9A. 
Fig. 1 0 Is a schematic diagram showing a system s 
for mapping the electrical activity of a chamber of a 
heart and for ablation of sites within the chamber. 
Fig. 1 1 is a perspective view of a distal end of a cath- 
eter having an alternative split-tip catheter design 
for use in practicing the system and method of the 10 
invention. 

Fig. 1 2 Is a cross-sectional view of the distal end of 
another embodiment of a catheter for use in the sys- 
tem and method of the invention. 
Fig. 1 3A is a schematic drawing of a catheter of an » 
alternate design for use in the system and method 
of the invention. 

Fig. 1 3B is a schematic drawing of a catheter of an- 
other design for use in the system and method of 
the invention. 20 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0052] The present invention is directed to a novel 25 
system as well as a novel method for detecting contact 
of an electrode with tissue such as the wall of a chamber 
of a heart. The present invention is particularly suitable 
for use with systems and methods for mapping the elec- 
trical characteristics of a chamber of a heart, or for per- 3D 
forming electro-therapeutic procedures such as cardiac 
ablation. 

[0053] The method and system of the invention for de- 
tecting electrode-tissue contact are based on differential 
impedance measurements. Impedance values of tissue 35 
such as the cardiac wall tend to be larger than the im- 
pedance of blood. The method and system of the inven- 
tion measure the impedance between a catheter contact 
electrode, preferably positioned on the catheter distal 
tip, and a return electrode. The method and system of *o 
the invention also simultaneously measures the imped- 
ance between a reference electrode and a return elec- 
trode. The reference electrode is Internal to the body, 
and is preferably prevented from making contact with 
tissue. By simultaneously measuring and comparing the 
impedance across the contact electrode and return 
electrode relative to the impedance across a reference 
electrode to a return electrode, the method and system 
of the present invention overcomes the above-enumer- 
ated limitations of many of the prior art contact detection 50 
methods. 

[0054] As used herein, the term "tissue" is meant to 
describe all solid or semi-solid cellular matter in the 
body, such as muscle, nerve, connective tissue, vascu- 
lature and bone. Blood and other liquid matter, such as ss 
lymph, interstitial fluids or other fluids In the body, are 
excluded from the definition of "tissue" as defined here- 
in. 



[0055] One embodiment of the present invention, in- 
cluded within a diagnostic mapping and therapeutic de- 
livery system, generally designated 1 8, is best shown In 
Fig. 1 . The system comprises a catheter 20 for Insertion 
into the human body, and preferably, into a chamber of 
a human heart 29 (Fig. 2). The catheter 20 includes a 
catheter body 20a having a distal end 22. The distal end 
22 includes a contact electrode 24 at distal tip 26 for 
measuring the electrical properties of the heart tissue. 
Contact electrode 24 is also useful for sending electrical 
signals to the heart for diagnostic purposes, e.g., for 
pace mapping, and/or for therapeutic purposes, e.g., for 
ablating defective cardiac tissue. While contact elec- 
trode 24 is designed to be in contact with tissue when 
performing its functions of receiving electrical signals 
from and transmitting electrical signals to the heart, it 
should be understood that contact electrode 24 is not 
always in contact with tissue. For example, contact elec- 
trode 24 may not be in contact with tissue as it is being 
advanced through the vasculature to the heart, or when 
it is being directed from one point to another point within 
the heart chamber. Accordingly, it is an object of the sys- 
tem and method of the invention to detect contact of the 
contact electrode with tissue. 
[0056] Distal end 22 of catheter 20 further includes 
reference electrode 25 for providing an internal refer- 
ence measurement of impedance while the reference 
electrode 25 is in contact with blood but is not in contact 
with tissue. Distal end 22 of catheter 20 further includes 
a location sensor 2B that generates signals used to de- 
termine the position and orientation of the catheter with- 
in the body. Location sensor 28 Is preferably adjacent 
to distal tip 26 of catheter 20. There is preferably a fixed 
positional and orientations! relationship of location sen- 
sor 28, tip 26 and electrode 24. 
[0057] Catheter 20 preferably includes a handle 30, 
which includes controls 32 to steer the distal end 22 of 
the catheter 20 in a desired direction, such as deflecting 
the distal end 22, or to position and/or orient it as de- 
sired. 

[0058] The system 18, as shown In Figures 1 and 2, 
further comprises a console 34, which enables the user 
to observe and regulate the functions of catheter 20. 
Console 34 preferably includes a computer 36, key- 
board 38, and display 42. Computer 36 contains control 
circuits to permit control and operation of the system and 
to start and stop the collection of data from the catheter's 
tip electrode 24, reference electrode 25 and from loca- 
tion sensor 28. Computer 36 further uses the electrical 
and or mechanical and location information acquired by 
catheter electrodes 24 and 25 and location sensor 28 
and processed by signal processing circuits 40 in recon- 
struction and visualization of an electrical or electrome- 
chanical map of a chamber of the heart. 
[0059] Signal processing circuits 40 typically receive, 
amplify, filter and digitize signals from catheter 20, In- 
cluding signals generated by location sensor 28, tip 
electrode 24 and reference electrode 25. Circuits 40 fur- 
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ther compute the position and orientation of the catheter 
as well as the electrical characteristics of the heart 
chamber from the signals generated by location sensor 
28 and tip electrode 24. Circuits 40 also process body 
surface electrocardiogram signals. The digitized signais 
generated by signal processing circuits 40 are received 
and used by computer 36 to reconstruct and visualize 
an electrical or electromechanical map of the heart 
chamber Circuits 40 also contain contact detection cir- 
cuitry, including a signal generator 56 (Fig. 3) which 
sends test signals to tip electrode 24, reference elec- 
trode 25 and return electrode 48, as well as circuitry to 
measure the differential electrical response to these test 
signals. Return electrode 48 is coupled to circuits 40 via 
cable 49 wherein return electrode 48 functions as a sink 
for the test signais. 

[0060] When applied external to the patient's body 
1 10 as shown in Fig. 2, return electrode 48 is preferably 
relatively large to provide low impedance between the 
return electrode 48 and the body 110. For example, 
Electrosurgicai Patient Plate model 1149F, supplied by 
3M of St. Paul, Minnesota, which has an area of approx- 
imately 1 30 cm 2 , maybe satisfactorily used as the return 
electrode in the system and method of the invention. 
[0061] Alternatively, appropriate circuitry may be as- 
sociated with the catheter 20 itself so that circuits 40 
receive signals that are already amplified, filtered and/ 
or digitized. 

[0062] Catheter 20 is coupled to circuits 40 via an ex- 
tension cable 21 , which at its proximal end comprises a 
connector 44 adapted to fit in a mating receptacle 46 on 
circuits 40. The distal end of cable 21 comprises a re- 
ceptacle 33 which connects to catheter handle 30. Re- 
ceptacle 33 is preferably configured to receive catheters 
of a specific model, and preferably includes user-evi- 
dent identification of the specific model. One of the ad- 
vantages in using cable 21 is the ability to connect dif- 
ferent models and types of catheters, such as those 
catheters having different handle configurations, to the 
same circuits 40. Different cables 21 can be used to con- 
nect a large variety of catheters to circuits 40. Another 
advantage in having a separate cable 21 is in the fact 
that the cable 21 does not come into contact with pa- 
tients and therefore it is possible to re-use the cable 21 
without sterilization. 

[0063] Circuits 40 contain an isolation barrier to elec- 
trically isolate all parts of the system in contact with the 
patient from console 34. Data transfer from circuits 40 
to computer 36 is effected using such devices as insu- 
lating transformers, optocouplers and the like. 
[0064] Additional components used in system 1 8 with 
catheter 20 of the present invention are illustrated sche- 
matically in Fig. 2. A physician 51 inserts catheter 20 
through an incision in the vasculature, e.g., using an in- 
travascular approach, into a chamber of a heart 29 of a 
patient 110, so that distal tip electrode 24 and location 
sensor 28 are inside the chamber. In accordance with 
an exemplary location sensor described in PCT patent 



application number WO 96/05768, filed January 24, 
1995, and U.S. patent 5,391 ,199, which are assigned to 
the assignee of the present application and whose dis- 
closures are Incorporated herein in their entirety by ref- 

s erence, sensor 28 generates signals in response to ex- 
ternally applied magnetic fields generated by electro- 
magnetic field generator coils 27 fixed to operating table 
31 in proximity to patient 1 1 0. The magnitude of the sig- 
nals generated by sensor 28 depends on the position 

io and orientation of the sensor in the applied magnetic 
field. Field generator coils 27 are connected via cable 
41 to driver circuits which are part of signal processing 
circuits 40. Circuits 40 are connected to computer 36 
(Fig. 1 ) via cable 43. Computer 36 controls the operation 

is of the generator coils 27 and the overall system 1 8. 
[0065] Alternatively, the system of the invention may 
employ field generator coils in the catheter and sensors 
external to the patient. 

[0066] While the catheter used in the system and 

so method of the invention has been described herein as 
containing a single contact electrode at its distal tip and 
asingle reference electrode, the system and method of 
the invention may employ catheters of different designs. 
For example, the tip electrode may be of a unipolar or 

£5 a bipolar design. In the bipolar configuration, the cath- 
eter would have another ring electrode proximal to the 
tip electrode. Alternatively, the catheter may have a plu- 
rality of ring electrodes along its length. 
[0067] While the system and method of the invention 

30 are described herein with reference to electromagnetic 
sensors, any other location sensor that provides three- 
dimensional position information and, optionally, orien- 
tation information, may be used in the practice of the 
invention. Illustrative sensors that are also useful in- 

35 elude acoustic sensors and magnetic sensors. For ex- 
ample, acoustic sensors of the type disclosed in U.S. 
Patent 5,409,000 and in PCT application WO 99/05971 , 
the disclosures of which are incorporated herein in their 
entirety by reference, may be used in accordance with 

40 the system and method of the invention. 

[0068] As disclosed in U.S. Patent 5, 391 ,1 99, map- 
ping the electrical activity of the heart is performed by 
positioning the distal tip 26 of catheter 20 at a site within 
the heart, sensing location and electrical information at 

« the site, processing the sensed location and electrical 
information at the site to create a data point, and repeat- 
ing these steps a sufficient number of times to create a 
map of the heart's electrical pathways. For an accurate 
map of the chamber electrical activity, location and elec- 

50 trical data are preferably sensed when the tip electrode 
24 is In contact with the cardiac wall at each site. 
[0069] Having identified a lesion responsible for an 
aberrant electrical pathway from the resultant electrical 
map of the heart chamber, the aberrant pathway may 

55 be treated by ablating the intracardiac surface at the le- 
sion site. As shown In Figure 2, ablation is typically per- 
formed by supplying RF energy to the site from ablation 
power source 53 via circuits 40 and cable 21 to tip etec- 
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trode 24 at distal end 22 of catheter 20. Ablation is most 
effectively performed when tip electrode 24 is In contact 
with the cardiac wall. Absence of contact or poor contact 
of tip electrode 24 with the heart wail leads to dissipation 
of the RF energy in the blood, as well as possible fouling 
of the tip electrode. Accordingly, it is important that both 
mapping and ablation be accompanied by methods and 
systems for detecting electrode-tissue contact. 
[0070] One embodiment of a circuit for detecting elec- 
trode-tissue contact in conjunction with the system of 
Fig. 1 is shown in Fig. 3. Distal end 22 of catheter 20 is 
shown in longitudinal cross-section. Tip electrode 24, 
reference electrode 25 and location sensor 28 are con- 
nected by wires 50, 52 and 54, respectively, to catheter 
handle 30 from which electrical connections are made 
to signal processing circuits 40. Signal generator 56, 
contained within circuits 40, sends a high frequency al- 
ternating current (AC) signal, preferably in the frequency 
range of about 10 kHz to about 100 kHz, to distal tip 
contact electrode 24 and to reference electrode 25 via 
high output impedance buffers 58 and 60, respectively. 
A signal frequency of about 50 kHz is most preferred. 
The current to distal tip electrode 24 is equal to the cur- 
rent to reference electrode 25. Return electrode 48 is 
also driven by signal generator 56. The signal to return 
electrode 48 is first inverted in phase by Inverter 62 and 
conditioned by high output Impedance buffer 64. The 
current of the signals driving tip electrode 24, reference 
electrode 25 and return electrode 48 should be below 
the level that would stimulate cardiac tissue. At 50 kHz, 
generally accepted safety standards dictate that the cur- 
rent should not exceed 0.5 milliamps (See for example 
CEI IEC 601-1, Medical Electrical Equipment Part 1 - 
General Requirements for Safety, Bureau Central de la 
Commission Electrotechnique Internationale, Geneva 
Switzerland, 1988). First differential amplifier 66 meas- 
ures a difference signal, specifically, the voltage across 
distal tip electrode 24 and return electrode 48. A second 
differential amplifier 68 is used to measure the voltage 
across reference electrode 25 and return electrode 48. 
Signals from differential amplifiers 66 and 6B are further 
amplified by amplifiers 70 and 72, respectively. The out- 
puts of amplifiers 70 and 72 are, in turn, fed to differential 
amplifier 74. The differential output signal from differen- 
tial amplifier 74 is further amplified by amplifier 76. The 
amplified signal from amplifier 76 is then sent to syn- 
chronous detector 78, which transforms the AC signal 
to a direct current (DC) signal and also decreases the 
sensitivity of the system to external noise. The signal 
from the synchronous detector 78 is then used by signal 
processing circuits 40. 

[0071 ] When the tip and reference electrodes are both 
in a common medium, i.e., in the blood, and neither elec- 
trode is in contact with tissue, the voltages measured at 
the tip and reference electrodes against the common re- 
turn electrode will be inversely proportional to the area 
of the respective electrodes. Accordingly, the ratio of the 
gains of amplifiers 70 and 72 are preferably adjusted so 



as to be proportional to the ratio of the areas of tip elec- 
trode 24 and reference electrode 25. Under these con- 
ditions, i.e., when distal tip electrode 24 and reference 
electrode 25 are both in blood and not in contact with 

9 tissue and when the amplifier gains are adjusted as de- 
scribed above, the signals leaving amplifiers 70 and 72 
will be of equal voltage and the output of differential am- 
plifier 74 and amplifier 76 will be a null signal of zero 
volts. When tip electrode 24 is brought into contact with 

to tissue such as the cardiac wall, which has a higher im- 
pedance than blood, and when reference electrode 25 
remains In the blood and does not contact the tissue, 
the voltage across tip electrode 24 and return electrode 
48 will exceed the voltage across reference electrode 

1 5 25 and return electrode 48, resulting in a non-zero volt- 
age signal from differential amplifier 74 and amplifier 76. 
This non-zero signal, which detects the change in the 
impedance across catheter tip electrode 24 and return 
electrode 48 when tip electrode 24 contacts tissue, is 

20 used by the system electronics of signal processing cir- 
cuits 40 to provide an audible or visible signal Indicative 
of tissue contact. 

[0072] Tissue contact is signaled by a variety of tech- 
niques. One form of signaling of tissue contact, for ex- 

25 ample, is the illumination of a light or LED on an instru- 
ment panel. Alternatively, tissue contact may be signal- 
ed by a meter, displayed on a computer monitor for ex- 
ample, along with other system parameters. 
[0073] A number of variations are envisioned for the 

30 present embodiment of the system of the invention. For 
example, in the embodiment described above, refer- 
ence electrode 25 is positioned on mapping/ablation 
catheter 22 comprising distal tip electrode 24 and loca- 
tion sensor 28. Alternatively, reference electrode 25 

35 may be positioned on a separate catheter contained in 
the vasculature. Fig. 13A shows a schematic view of a 
catheter 20 of an alternate design for use in the system 
and method of the invention. Catheter 20 of Fig. 13A 
does not contain a reference electrode. In use in the sys- 

40 tern and method of the invention, a reference electrode 
would be provided with a second catheter (not shown). 
Likewise, return electrode 48 may be incorporated on 
the catheter 20 containing the distal tip electrode 24 and 
location sensor 28, in which case return electrode 48 

45 would be present in the body during use. Fig. 1 3B shows 
a schematic view of a catheter 20 of an alternate design 
which incorporates both a reference electrode 25 and a 
return electrode 48. 

[0074] Alternatively, catheter 20 may be equipped 
so with a thermocouple at distal tip electrode 24 for moni- 
toring of the electrode temperature during ablation and 
for control of ablation energy delivery to the electrode 
during ablation. 

[0075] The system shown in Fig. 3 shows the return 
& electrode 48 driven by signal generator 56. Alternatively, 
return electrode 48 may be connected to an isolated 
ground, for example, of an electrocardiogram (ECG) de- 
vice. The right leg ECG electrode is typically connected 
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in many ECG devices to isolated ground, and would 
function satisfactorily as a return electrode in the system 
and method of the invention. 
[0076] Additional embodiments of circuits for detect- 
ing electrode-tissue contact are illustrated in Fig. 5 and 5 
Fig. 6. The circuits of these embodiments may be best 
understood by first considering the circuit shown in Fig- 
ure 4, In which signal generator 90 is connected to first 
input 92 of bridge circuit 94. Second input 96 of bridge 
circuit 94 is connected to Isolated ground via resistor 98. 
Bridge 94 is composed of a first resistor (R1 ) 1 00, a sec- 
ond resistor (R2) 102, a third resistor (R3) 104 and a 
fourth resistor (R4) 1 06. First bridge output 108 and sec- 
ond bridge output 11 0 are connected to differential am- 
plifier 1 1 2 for measurement of the output voltage of the 
circuit. The signal from differential amplifier 112 is fur- 
ther amplified In amplifier 114, from which it is passed 
to synchronous detector 116. 
[0077] It is well known that for the bridge circuit of Fig. 
4, the output voltage of the bridge across output points 
1 08 and 1 1 0 Is equal to zero when the following relation- 
ship is fulfilled: 

R1 R3 
R2 R4 

[0078] Fig. 5 illustrates one embodiment of a bridge 
circuit used to detect electrode-tissue contact in the 
method and system of the invention. The system uses 
the same catheter as described with reference to Fig. 3. 
In the embodiment shown in Fig. 5, third resistor R3 (104 
of Fig. 4) has been replaced by the signal path from ref- 
erence electrode 25 to return electrode 48, and fourth 
resistor R4 (1 06 of Fig. 4) has been replaced by the sig- 
nal path from distal tip contact electrode 24 to return 
electrode 48. Resistor 98 in Fig. 4 is replaced by the 
signal path from the skin to external return electrode 48. 
Return electrode 48 is preferably connected to isolated 
ground, as, for example, to an ECG device isolated 
ground. For purposes of clarity, location sensor 28 is not 
shown In the catheters of Figures 5, 6 and 7. 
[0079] If bom the tip electrode 24 and reference elec- 
trode 25 are in the blood and if both electrodes have the 
same area, then the impedance from tip electrode 24 to 
return electrode 48 will equal the impedance from refer- 
ence electrode 25 to return electrode 48. Under these 
conditions and if the resistance of resistor R1 1 00 is 
equal to the resistance of resistor R2 1 02, the bridge will 
have a null output voltage. Contact of tip electrode 24 
with tissue having higher impedance than blood will 
cause the Impedance from tip electrode 24 to return 
electrode 48 to increase over the impedance from ref- 
erence electrode 25 to return electrode 48, resulting in 
a non-zero voltage signal from differential amplifier 112, 
amplifier 114 and synchronous detector 116. 
[0080] In the event that resistors R1 and R2 have 
equal resistance and distal tip electrode 24 and refer- 
ence electrode 25 have unequal surface areas, the im- 



pedance along the individual legs of the circuit will be 
inversely proportional to the area of the respective elec- 
trodes. In this condition, the bridge will not have a null 
output voltage when both tip electrode 24 and reference 
electrode 25 are in blood and neither electrode is in con- 
tact with tissue. Preferably, the resistance of resistors 
100 and 102 is adjusted so as to produce a null signal 
from differential amplifier 112 when distal tip electrode 
24 and reference electrode 25 are both in blood and nei- 
ther electrode is In contact with tissue. This adjustment 
is achieved when the ratio of resistances of resistor 1 00 
to resistor 102 is proportional to the ratio of the area of 
tip electrode 24 to the area of reference electrode 25. 
[0081 ] For greater sensitivity of the contact detection 
method, it is preferable that the impedance of resistors . 
100 and 102 be at least equal to or greater than the im- 
pedance from reference electrode 25 to return electrode 
48 and from the distal tip electrode 24 to reference elec- 
trode 46. Preferably, the Impedance of resistors 1 00 and 
102 should be at least about ten times, and, more pref- 
erably, at least about 100 times the impedance across 
reference electrode 25 to return electrode 48 and across 
tip electrode 24 to return electrode 48. 
[0082] Fig. 6 shows another embodiment of a bridge 
circuit used to detect tissue contact in the system and 
method of the invention. In this embodiment, resistors 
100 and 102 of Fig. 5 are replaced by high output im- 
pedance buffers 120 and 122. Buffers 120 and 122 con- 
vert the constant voltage signal from signal generator 
90 to a constant current signal. As with the circuit shown 
in Fig. 5, if both the tip electrode 24 and the reference 
electrode 25 are in the blood and if both electrodes have 
the same surface area, then the tip electrode 24 to return 
electrode 48 impedance will equal the reference elec- 
trode 25 to return electrode 48 impedance. Under these 
conditions and if the output current of buffer 1 20 is equal 
to the output current of buffer 1 22, the bridge will have 
a null output voltage. Contact of tip electrode 24 with 
tissue having higher impedance than blood will cause 
the tip electrode 24 to return electrode 48 impedance to 
increase over the reference electrode 25 to return elec- 
trode 48 Impedance, resulting in a non-zero voltage sig- 
nal from differential amplifier 1 1 2, amplifier 1 1 4 and syn- 
chronous detector 116. 

[0083] As with the circuit of Fig. 5, In the event that 
distal tip electrode 24 and reference electrode 25 have 
unequal surface areas, the tip electrode 24 to return 
electrode 48 impedance and reference electrode 25 to 
return electrode 48 impedance will be inversely propor- 
tional to the area of the respective electrodes when tip 
electrode 24 and reference electrode 25 are both In a 
common medium. The output currents of high output Im- 
pedance buffers 120 and 122 are a function of the con- 
version functions of the individual buffers. Preferably, 
the conversion functions of buffers 120 and 122 are ad- 
justed so as to produce a null signal from differential am- 
plifier 112 when the distal tip electrode 24 and the ref- 
erence electrode 25 are both in blood and neither elec- 
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trode is in contact with tissue. This adjustment is 
achieved when the ratio of the output current from buffer 
120 to the output current from buffer 122 is proportional 
to the ratio of the area of tip electrode 24 to the area of 
reference electrode 25. 5 
[0084] In order to provide constant current to the tip 
electrode 24 and reference electrode 25 and In order for 
this current to be unaffected by electrode-tissue contact, 
the impedance of buffers 120 and 122 is preferably at 
least about one thousand times the body impedances 10 
displayed across tip electrode 24 to return electrode 48 
and across reference electrode 25 to return electrode 
48. 

[0085] , Fig. 7 depicts yet another embodiment of a cir- 
cuit for detecting electrode-tissue contact. In the embod- is 
iment shown in Fig. 7, a high frequency signal is sup- 
plied directly to catheter distal tip contact electrode 24 
and to reference electrode 25. Current sensors 130 and 
132 monitor the current to reference electrode 25 and 
to tip electrode 24, respectively. Current sensors may 20 
be of any type known In the art. For example, current 
transformers and Hall effect sensors may be used in the 
practice of the system and method of the invention. Out- 
put voltage signals of current sensors 130 and 132 are 
fed to differential amplifier 112 to measure the relative & 
currents to reference electrode 25 and to tip electrode 
24. The output signal from differential amplifier 112 is 
further amplified by amplifier 1 1 4 and transmitted to syn- 
chronous detector 116. 

[0086] As with the previously described embodi- 30 
ments, if tip electrode 24 and reference electrode 25 are 
both In blood, if neither electrode is in contact with tissue 
and if both electrodes have the same surface area, then 
the tip electrode 24 to return electrode 46 impedance 
will equal the reference electrode 25 to return electrode 33 
48 impedance. Under these conditions the current 
measured by current sensor 130 will equal the current 
measured by current sensor 1 32, and differential ampli- 
fier 112 will produce a null voltage. Contact of tip elec- 
trode 24 with tissue having higher Impedance than blood *o 
will cause the tip electrode 24 to return electrode 46 im- 
pedance to increase over the reference electrode 25 to 
return electrode 48 impedance, which will, in turn, result 
in lower current to distal tip electrode 24 relative to ref- 
erence electrode 25. Reduction In the current to tip elec- 
trode 24 relative to reference electrode 25 will result in 
a non-zero voltage signal from differential amplifier 112, 
amplifier 114 and synchronous detector 116. 
[0087] As in the previously described embodiments, 
in the event that distal tip electrode 24 and reference so 
electrode 25 have unequal surface areas, the tip elec- 
trode 24 to return electrode 48 Impedance and the ref- 
erence electrode 25 to return electrode 48 impedance, 
and hence the output voltages of current sensors 1 30 
and 1 32, will be inversely proportional to the area of the 55 
respective electrodes when tip electrode 24 and refer- 
ence electrode 25 are both in a common medium and 
neither electrode is in contact with tissue. Preferably, the 



output voltages of sensors 1 30 and 132 are adjusted so 
as to produce a null signal from differential amplifier 112 
when both the distal tip electrode 24 and the reference 
electrode 25 are in blood and neither electrode is in con- 
tact with tissue. This adjustment is achieved when the 
ratio of the gain of sensor 130 to the gain of sensor 132 
is proportional to the ratio of the area of tip electrode 24 
to the area of reference electrode 25. 
[0088] Reference electrode 25 is preferably protected 
from making contact with tissue. One manner of protect- 
ing reference electrode 25 from contacting tissue is to 
cover reference electrode 25 with a porous or semi-per- 
meable membrane 150 (Fig. 8A). The membrane 150, 
in the form of a sleeve covering the reference electrode 
25, permits contact of the reference electrode 25 with 
blood but prevents contact with tissue. The catheter 
body 20a is made of a non-conducting, non-toxic mate- 
rial such as polyurethane, polyetherimlde or poly- 
etherether ketone (PEEK). Alternatively, as shown in 
Fig. 8B, the reference electrode 25 may be protected 
from contact with tissue by being contained in channel 
155 on catheter body 20a. 

[0089] The method of the Invention may be employed 
by introducing catheter 20 into the body through an in- 
cision of the vasculature. Catheter 20 is then advanced 
into or proximate to the tissue of interest, for example, 
into a chamber of the heart. In operation, the system 
and method of the invention of detecting electrode-tis- 
sue contact may be employed in an intermittent, or, pref- 
erably, in a continuous manner. Employed continuously 
during an electrophysiology mapping procedure, for ex- 
ample, the method of the Invention may be employed 
while recording intracardiac electrograms with tip elec- 
trode 24. ECG signals are typically in the frequency 
range from about 0.05 Hz to about 500 Hz. In contrast, 
the contact-testing signals sent to tip electrode 24 by 
signal generator 56 or 90 are typically in the frequency 
range of about 10 kHz to about 100 kHz. The electro- 
cardiogram information may be decoupled from the con- 
tact-testing signal by using a suitable band pass filter. 
[0090] The system and method of the invention may 
be used in creating an electrical map of a chamber of a 
heart as disclosed In commonly assigned U.S. patent 
5,546,951; U.S. patent application 08/793,371; and 
PCT application WO 96/05768, which are incorporated 
herein in their entirety by reference. They may also be 
used in the generation of a mechanical or electrome- 
chanical map of a chamber of a heart as disclosed in U. 
S. patent 5,738,096 which is incorporated herein in its 
entirety by reference. Employed in connection with an 
electrophysiology study, for example, for the generation 
of an electrical or electromechanical map of a chamber 
of a heart, data acquisition may be controlled so that 
location and electrical information are not acquired un- 
less the tip electrode is determined to be in contact with 
tissue. Alternatively, if It Is determined that some of the 
data are acquired under conditions in which the tip elec- 
trode is not in contact with tissue, such data may be af- 
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forded less weight (or, in the limit, no weight) In the re- 
sultant electrical or electromechanical map. Similarly, In 
a cardiac ablation procedure, the ablation power source 
may be interlocked with the contact detection system so 
that ablation energy is only supplied to the tip electrode 
when contact of the tip electrode with tissue is detected. 
[0091] Figures 9A, 9B, 9C and 9D show an alternate 
distal end embodiment of the catheter 20 for use in the 
system and method of the invention. Catheter 20 has a 
distal end 1 60 which comprises a distal tip electrode as- 
sembly 1 62. Distal tip electrode assembly 1 62 compris- 
es a plurality of individual distal tip electrodes 1 64 at dis- 
tal tip 166. Each individual distal tip electrode 164 in 
electrode assembly 1 62 is electrically insulated from the 
other individual distal tip electrodes by non-conductor 
1 68, which may be comprised of a material such as poty- 

urethane, for example. Each individual diatal tip elec- 
trode 164 has a lead bore hole 170 In which a lead is 
soldered for communication with the control and data 
acquisition circuitry. Thus, in this embodiment, the cath- 
eter 20 Includes four leads for connection with the four 
individual distal tip electrodes (two of the four leads, 1 72 
and 174, are shown in Fig. 9D). Distal end 160 of cath- 
eter 20 also comprises a location sensor 180 which is 
connected to signal processing circuits 40 via lead 182, 
as well as reference electrode 1 84 which communicates 
with signal processing circuits 40 via lead 1 86. 
[0092] In the embodiment shown in Figs. 9A through 
9D, electrode assembly 162 comprises four individual 
distal tip electrodes 1 64 at four distinct quadrants. Alter- 
natively, the electrode assembly at catheter distal tip 
1 66 may comprise fewer or greater than four individual 
distal tip electrodes. 

[0093] The catheter of Figs. 9A through 9D may be 
used with any of the contact measuring circuits shown 
in Figs. 3 through 7. As shown in Fig. 1 0, a system 200 
is used for mapping the electrical activity of a chamber 
of a heart and for performing therapeutic ablation using 
a multi-electrode catheter of the type shown in Figs. 9A- 
90 and a contact detecting circuit of the type shown in 
Figs. 3 • 7. System 200 consists of four channels 202, 
204, 206 and 208. Each channel Is In communication 
with one of the individual distal tip electrodes 164 on 
distal end 160 of catheter 20 via leads 224, 226, 228 
and 230. Operating En a first mode, controller 210 com- 
mands multiplexer 21 2 to switch between channels 202 
through 206 to permit differential impedance measure- 
ments across each of the Individual tip electrodes 1 64 
and the return electrode 48 by contact detection circuit 
214. In addition to communicating with the individual tip 
electrodes 164 via multiplexer 212, contact detection 
circuit 214 communicates with reference electrode 1 84 
via lead 225 and with return electrode 48 via lead 227. 
Contact detection circuit 214 may contain any of the cir- 
cuitry shown in Figures 3 through 7. The signal gener- 
ator associated with contact detection circuit 214 se- 
quentially sends a contact detection signal through mul- 
tiplexer 21 2 to each of the distal tip electrodes 1 64. Dif- 



ferential signals are measured across each of the indi- 
vidual tip electrodes 164 and the return electrode 48, 
and these differential signals are compared by contact 
detection circuit 214 to the differential signals across ref- 

5 erence electrode 1 84 to the return electrode 48. Detec- 
tion of tissue contact by each individual tip electrode 1 64 
is accomplished as hereinabove described. Operating 
in a second mode, controller 21 0 commands multiplexer 
216 to selectively close switching circuits and to permit 

10 ablation energy to flow from ablation power source 21 8 
to those electrodes 164 determined in the first mode to 
be in contact with tissue. Thus, the system 200 selec- 
tively ablates at each selected tip electrode 1 64, I.e. only 
at those tip electrodes 1 64 that are in contact with tissue. 

13 [0094] System 200 also contains electrocardiogram 
(ECG) monitoring and recording circuitry 220 to permit 

monitoring and recording of oloctrograms from each dis- 
tal tip electrode 1 64. ECG circuitry 220 also contains 
provisions for monitoring and recording external body 
20 contact electrograms from external body surface leads 
222. 

[0095] Fig. 1 1 shows another alternative embodiment 
of a distal end 232 of the catheter 20 containing a seg- 
mented distal tip electrode 236 for use in the system and 

25 method of the invention. As with the catheter of Figs. 
9A-9D, the catheter distal tip 236 contains four individual 
distal tip electrodes 234 equiangularly spaced about the 
circumference of catheter distal tip 236. Each electrode 
234 has a portion located on the distal tip of distal end 

30 232 and a longitudinally extending portion oriented 
along the longitudinal axis of the body 20a of the cath- 
eter distal end 232. Each distal tip electrode 234 is elec- 
trically insulated from the other electrodes by an insu- 
lating material such as polyurethane. Each distal tip 

35 electrode 234 is about 1 .0 mm wide and from about 2 
to about 8 mm long, and is connected via leads (not 
shown) to signal. processing circuits 40. In addition, dis- 
tal end 232 of catheter 20 contains a reference electrode 
1 84 . Each distal tip electrode 234 selectively ablates tis- 

40 sue based on impedance measurement in a manner as 
described above. 

[0096] Fig. 12 shows the distal end 240 of another em- 
bodiment of the catheter 20 that may be used in the sys- 
tem and method of the invention. The distal end 240 of 

45 the catheter 20 has a tip electrode 244 at distal tip 245 
and ring electrodes 246, 248 and 250 spaced longitudi- 
nally from distal tip 245. Ring electrodes 246, 248 and 
250 are each from about 3 to about 6 mm in length and 
are separated by an insulated area having an intor-elec- 

50 trode spacing distance of about 2 mm. Catheter 242 fur- 
ther preferably comprises a location sensor of the type 
previously described (not shown). Catheter 20 of Fig. 
12 may be used with system 200 of Fig. 10 in cardiac 
mapping and ablation as hereinabove described. Cath- 

55 eter 242 is especially useful in generating a "line of 
block" in cardiac tissue by first detecting contact of each 
of electrodes 244, 246, 246 and 250 with tissue, and 
then either simultaneously or sequentially supplying RF 
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i) a signal generator for sending test sig- 
nals to said contact electrodes and to said 
reference electrode; and 
H) a circuit to measure differential electrical 
5 response to said test signals, said differen- 

tial electrical response being indicative of 
contact of said contact electrodes with tis- 
sue. 

io 3. The system of claim 2 wherein said reference elec- 
trode is positioned on said catheter. 

4. The catheter of claim 1 or the system of claim 2 or 
claim 3 wherein said plurality of contact electrodes 

" is positioned at said catheter distal tip. 

5. The catheter of claim 1 or the system of claim 2 or 
claim 3 wherein said plurality of contact electrodes 
is positioned longitudinally along said catheter 

20 body. 

6. The catheter of claim 1 or the system of claim 2 or 
claim 3 wherein said plurality of contact electrodes 
is positioned circumferentially around said catheter 

25 body. 

7. The catheter of claim 1 or the system of any one of 
claims 2 to 6 wherein said location sensor is an elec- 
tromagnetic location sensor. 

30 

8. The catheter of claim 1 or the system of any one of 
claims 2 to 7 wherein said reference electrode is 
protected from making contact with tissue. 

35 9. The catheter or system of claim 8 wherein said ref- 
erence electrode is protected by a membrane cov- 
ering said electrode, said membrane permitting 
contact of said reference electrode with blood but 
not permitting contact of said reference electrode 

to with tissue. 



energy to each of the electrodes determined to be in 
contact with tissue for providing selective ablation. 
[0097] The catheter embodiment 20 of Fig. 12 is 
shown with three ring electrodes. Alternatively, distal 
end 240 of catheter 20 may contain fewer than or greater 
than three ring electrodes. The number of channels in 
system 200 should at least equal the number of elec- 
trodes contained on the catheter used in conjunction 
with the system. 

[0098] Each of the electrodes in the multi-electrode 
embodiments shown In Figures 9A - 9D, 1 1 and 12 may 
be equipped with a thermocouple for monitoring of elec- 
trode temperature and control of energy delivery to the 
electrodes during the selective ablation. 
[0099] It will be appreciated that the preferred embod- 
iments described above are cited by way of example 
and the full scope of the invention is limited only by the 
claims which follow. 



Claims 

1 . A catheter comprising: 

i) a body having a proximal end and a distal end, 
said distal end having a distal tip; 

ii) a plurality of contact electrodes adapted for 
contact with tissue for receiving electrical sig- 
nals therefrom and for transmitting electrical 
signals thereto; 

iii) a location sensor which generates signals 
responsive to a location of said distal end; and 

iv) a reference electrode for measuring an elec- 
trical characteristic when said reference elec- 
trode is in contact with a fluid and Is not in con- 
tact with tissue. 

2. A system for detecting contact of an electrode with 
tissue, said system comprising: 

a) a catheter comprising: 

i) a body having a proximal end and a distal 
end, said distal end having a distal tip; 

ii) a plurality of contact electrodes adapted 
for contact with tissue for receiving electri- 
cal signals therefrom and transmitting elec- 
trical signals thereto; and 

iii) a location sensor which generates sig- 
nals responsive to a location of said distal 
end; 

b) a reference electrode for measuring an elec- 
trical characteristic when said reference elec- 
trode is in contact with a fluid and is not in con- 
tact with tissue; 

c) a contact detection circuit comprising: 



10. The catheter or system of claim 8 wherein said ref- 
erence electrode is recessed relative to said cath- 
eter body. 

45 

1 1 . The catheter of claim 1 or the system of any one of 
claims 2 to 1 0 which further comprises a return elec- 
trode, said return electrode functioning as a sink for 
said test signals to said contact electrodes and to 

so said reference electrode. 

12. The catheter or system of claim 11 wherein said re- 
turn electrode is adapted for positioning Internal to 
the body. 

55 

13. The catheter or system of claim 1 2 wherein said re- 
turn electrode is positioned on said catheter. 
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14. The catheter or system of claim 11 wherein said re- 
turn electrode is adapted for contact with skin ex- 
ternal to the body. 

15. The catheter or system of any one of claims 11 to 

14 wherein said return electrode is dedicated for 
measuring differential signals with said contact 
electrodes and with said reference electrode. 

16. The catheter or system of any one of claims 11 to 

15 wherein said return electrode is connected to 
isolated ground. 

17. The catheter or system of any one of claims 11 to 

1 6 wherein said return electrode is connected to an 
electrocardiogram device isolated ground. 

18. The system of any one of claims 11 to 17 wherein 
said circuit to measure a differential electrical re- 
sponse to said test signals comprises: 

i) a first differential amplifier to measure a first 
electrical difference signal between said con- 
tact electrodes and said return electrode; and 

ii) a second differential amplifier to measure a 
second electrical difference signal between 
said reference electrode and said return elec- 
trode. 

19. The system of claim 18 wherein said contact elec- 
trodes and said reference electrode are supplied 
with a first constant current and a second constant 
current, respectively, said first constant current be- 
ing equal to said second constant current 

20. The system of claim 1 9 wherein said return elec- 
trode is driven with a third constant current, said 
third current being opposite in phase with said first 
constant current and said second constant current, 

21 . The system of any one of claims 1 8 to 20 which fur- 
ther comprises a third differential amplifier to meas- 
ure an electrical difference signal between said first 
differential signal and said second differential sig- 
nal. 

22. The system of claim 21 wherein said first differential 
amplifier measures a first voltage difference be- 
tween said contact electrodes and said return elec- 
trode, said second differential amplifier measures a 
second voltage difference between said reference 
electrode and said return electrode, and said third 
differential amplifier measures a voltage difference 
between said first voltage and said second voltage. 

23. The system of claim 22 wherein said electrical dif- 
ference signal measured by said third differential 
amplifier is rectified by a synchronous detector. 



24. The system of any one of claims 1 8 to 23 wherein 
each of said contact electrodes and said reference 
electrode have a first area and a second area, re- 
spectively, and said first amplifier and said second 
5 amplifier have a first gain and a second gain, re- 
spectively, the ratio of said first gain to said second 
gain being proportional to the ratio of said first area 
to said second area. 

io 25. The system of any one of claims 2 to 1 7 wherein 
said circuit to measure a differential electrical re- 
sponse to said test signals comprises a bridge cir- 
cuit, said bridge circuit comprising a first resistive 
element and a second resistive element, said resis- 
ts tlve elements each having a first side and a second 
side, said first side of said first resistive element be- 
ing connected with said first side of said second re- 
sistive element, said second side of said first resis- 
tive element being connected with said reference 
20 electrode, said second side of said second resistive 
element being connected with said contact elec- 
trodes, said bridge having a first input between said 
first resistive element and said second resistive el- 
ement and a second input connected to said return 
25 electrode, and a first output between said first re- 
sistive element and said reference electrode and a 
second output between said second resistive ele- 
ment and said contact electrodes. 

30 26. The system of claim 25 wherein said first resistive 
element is a first resistor and said second resistive 
element in a second resistor. 

27. The system of claim 26 wherein said first resistor 
35 has a first resistance and said second resistor has 

a second resistance, and wherein each of said con- 
tact electrodes has a tip electrode area and said ref- 
erence electrode has a reference electrode area, 
the ratio of said first resistance to said second re- 
40 sistance being proportional to the ratio of said con- 
tact electrode area to said reference electrode area. 

28. The system of claim 25 wherein said first resistive 
element is a first high output impedance buffer and 

45 said second resistive element is a second high out- 
put impedance buffer. 

29. The system of claim 28 wherein said first high out- 
put impedance buffer has a first output current, said 

so second high output buffer has a second output cur- 
rent, and wherein each of said contact electrodes 
has a contact electrode area and said reference 
electrode has a reference electrode area, the ratio 
of said first output current to said second output cur- 

55 rent being proportional to the ratio of said contact 
electrode area to said reference electrode area. 

30. The system of claim 25 wherein said bridge outputs 
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are connected to a differential amplifier, said differ- 
ential amplifier measuring a bridge output voltage 
indicative of contact of said contact electrodes with 
tissue. 

31 . The system of claim 30 wherein said differential am- 
plifier has an output that is rectified by a synchro- 
nous detector. 

32. The system of any one of claims 2 to 17 wherein 
said circuit to measure a differential electrical re- 
sponse to said test signals comprises a first current 
sensor for measuring current to said reference elec- 
trode and a second current sensor for measuring 
current to said contact electrodes. 

33. The system of claim 32 wherein said current sen- 
sors are selected from current transformers and 
Hall effect sensors. 

34. The system of claim 32 wherein said first current 
sensor has a first gain and said second current sen- 
sor has a second gain, each of said contact elec- 
trodes has a contact electrode area and said refer- 
ence electrode has a reference electrode area, the 
ratio of said first gain to said second gain being pro- 
portional to the ratio of said contact electrode area 
to said reference electrode area. 

35. The system of claim 32 wherein said first current 
sensor and said second current sensor have out- 
puts connected to a differential amplifier, said am- 
plifier measuring a voltage indicative of contact of 
said contact electrodes with tissue. 

36. The system of claim 35 wherein said differential am- 
plifier has an output rectified by a synchronous de- 
tector. 

37. The system of any one of claims 2 to 36 comprising 
circuitry for measuring local electrograms from said 
contact electrodes. 

38. The system of any one of claims 2 to 37 comprising 
circuitry to measure body surface electrograms. 

39. The system of any one of claims 2 to 38 comprising 
a plurality of channels, said number of channels cor- 
responding to the number of electrodes in said plu- 
rality of contact electrodes. 

40. The system of any one of claims 2 to 39 further com- 
p rising a multiplexer to switch each of said contact 
electrodes into communication with said contact de- 
tection circuit. 

41 . The system of any one of claims 2 to 40 further com- 
prising an ablation power source. 



42. The system of claim 41 further comprising a multi- 
plexer to switch each of said contact electrodes de- 
termined by said contact detection circuit to be in 
contact with tissue into communication with said ab- 

5 lation power source. 

43. A method for detecting contact of an electrode with 
tissue, said method comprising the steps of: 

io a) providing a system comprising a catheter 

and a reference electrode as defined in claim 2 
or any claim dependent thereon; 
b) providing test signals to said reference elec- 
trode and to said contact electrodes; and 
15 c) measuring a differential electrical response 

to said test signals, said differential electrical 
response being indicative of contact of said 
contact electrodes with tissue. 

20 44. The method of claim 43 wherein measuring a differ- 
ential electrical response to said test signals com- 
prises: 

a) measuring a first electrical difference signal 
25 between each of said contact electrodes and a 

return electrode and a second electrical differ- 
ence signal between said reference electrode 
and said return electrode; and 

b) comparing said first electrical difference sig- 
30 nal with said second electrical difference signal 

to detect contact of said contact electrodes with 
tissue. 

45. The method of claim 44 wherein said test signals 
35 provided to said contact electrodes and to said ref- 
erence electrode are constant current signals. 

46. The method of claim 44 wherein comparing said 
first electrical difference signal with said second 

40 electrical difference signal comprises feeding said 
first electrical difference signal and said second 
electrical difference signal to a differential amplifier 
to produce a third electrical difference signal indic- 
ative of contact of said contact electrodes with tis- 

45 sue. 

47. The method of claim 46 wherein said first and said 
second electrical difference signals are adjusted to 

• provide a null difference signal from said differential 
50 amplifier when said contact electrodes and said ref- 
erence electrode are in blood and not in contact with 
tissue. 

48. The method of claim 43 wherein measuring a differ- 
55 ential electrical response to said test signals com- 
prises: 

a) providing a bridge circuit as defined in any 
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one of claims 25 to 31 ; and 
b) measuring a signal across said bridge out- 
puts to detect contact of said contact electrodes 
with tissue. 

49. The method of claim 48 wherein said signal across 
said bridge outputs is adjusted to provide a null sig- 
nal from said differential amplifier when said contact 
electrodes and said reference electrode are in 
blood and not in contact with tissue. 

50. The method of claim 43 which further comprises the 
steps of: 

a) collecting electrical information with said 
contact electrodes and location information 
with said location sensor at a plurality of points 
on said tissue; and 

b) generating an electrical map of said tissue 
from said electrical and location information, 
said electrical and location information at each 
of said points being weighted in said map in ac- 
cordance with contact being detected between 
said contact electrode and said tissue at said 
points. 



54. The method of claim 43 which further comprises the 
steps of: 

a) collecting electrical information from said 
s contract electrodes and mechanical informa- 
tion from said location sensor at a plurality of 
points on said tissue; and 

b) generating an electromechanical map of said 
tissue from said electrical and mechanical in- 
fo formation , said electrical and mechanical infor- 
mation at each of said points being weighted in 
said map in accordance with contact being de- 
tected between said contact electrode and said 
tissue at said points 

15 

55. The method of claim 43 which further comprises de- 
livering ablation energy to said contact electrodes 
In accordance with said contact electrodes being in 
contact with tissue. 

20 



25 



51. The method of claim 50 wherein said current sen- 
sors have output signals, said signals being adjust- 
ed to provide a null signal from said differential am- 
plifier when said contact electrodes and said refer- 30 
ence electrode are in blood and not in contact with 
tissue. 



52. The method of claim 43, wherein measuring a dif- 
ferential electrical response to said test signals 35 
comprises: 



a) measuring a first impedance between said 
contact electrodes and a return electrode and 

a second impedance between said reference *o 
electrode and said return electrode; and 

b) comparing said first and second Impedances 
to detect contact of said contact electrodes with 
tissue. 

45 

53. The method of claim 43 which furthercomprises the 
steps of: 

a) collecting electrical information with said 
contact electrodes and location information so 
with said location sensor at a plurality of points 

on said tissue; and 

b) generating an electrical map of said tissue 
from said electrical and location information, 
said electrical and location information at each ss 
of said pointsbeing weighted in said map in ac- 
cordance with contact being detected between 
said electrode and siad tissue at said points. 
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